Photoinhibition of photosystem 11 (PSII) electron transport and subsequent degradation of the DI protein were studied in pumpkin (Cucurbita pepo L.) leaves developed under high (1000 gmol mr2 s-') and low (80,umol mr2 s-') photon flux densities. The low-light leaves were more susceptible to high light. This difference was greatly diminished when illumination was performed in the presence of chloramphenicol, indicating that a poor capacity to repair photodamaged PSII centers is decisive in the susceptibility of lowlight leaves to photoinhibition. In fact, the first phases of the repair cycle, degradation and removal of photodamaged Dl protein from the reaction center complex, occurred slowly in low-light leaves, whereas in high-light leaves the degradation of the Dl protein more readily followed photoinhibition of PSII electron transport. A modified form of the Dl protein, with slightly slower electrophoretic mobility than the original Dl, accumulated in the appressed thylakoid membranes of low-light leaves during illumination and was subsequently degraded only slowly.
The Dl protein, one of two heterodimeric polypeptides of the PSII reaction center complex, has the highest turnover rate of all the thylakoid polypeptides (12, 23). In the unicellular alga Chlamydomonas reinhardtii, it has been shown that Dl turnover further increases when the cells are exposed to photoinhibitory light (18, 27, 32) . In higher plants, the photoinhibition-enhanced turnover of the Dl protein has been questioned (8) because photoinhibition of PSII in intact leaves induces hardly any net decrease in the amount of the DI protein (8, 15) . Photoinhibition-enhanced degradation of the Dl protein in intact leaves can be demonstrated if the leaves are illuminated in the presence of an inhibitor of chloroplast protein synthesis (15) . Also ["4C]leucine labeling of spruce needles has indicated a high turnover rate of the Dl protein in the light (11).
Degradation of the Dl protein in vivo is preceded by a modification that leads to a slower electrophoretic mobility of the protein (5, 15) . The modified form, Dl*2, has been shown to be a phosphorylated form of the Dl protein (3, 10).
threo-chloramphenicol; FV and FMAX, variable and maximal fluorescence, respectively; FO, initial fluorescence; kp1 and kREC, first-order rate constants for photoinhibition and concurrent recovery, respectively; LHCII, light-harvesting Chl a/b protein.
Furthermore, we have shown that D1* is actually degraded more slowly than the original Dl when isolated thylakoids are illuminated in the presence of ATP (3) , suggesting that the modification to D1* may be involved in controlling the degradation.
Plants differ in their susceptibility to photoinhibition, and this is, at least partially, dependent on their capacity to repair photodamaged reaction centers during illumination (9, 13, 33) . Also, the size of the light-harvesting antenna (6) and the capacity of different protective mechanisms, e.g. photosynthesis (9, 14) and nonradiative dissipation of excitation energy (9), affect the rate of PSII photoinhibition (for review, see ref. 17) .
Previously, we showed that high susceptibility of lowlight-grown pumpkin (Cucurbita pepo L.) plants to photoinhibition cannot be attributed to a large size of the LHCII antenna per se but probably is mainly due to a poor capacity of the low-light-grown plants to repair photodamaged PSII centers (33) . In the present paper, we give further evidence that the repair cycle of PSII indeed functions more slowly in low-light-grown pumpkin plants as compared with highlight-grown plants, and this is also seen as a poor capacity of the low-light leaves to degrade photodamaged Dl protein.
MATERIALS AND METHODS

Plant Material
Pumpkin (Cucurbita pepo L.) plants were grown in growth chambers at PPFD 80 and 1000 ,mol m-2 s-1 with a 12-h light/dark rhythm at 22/180C. Nearly fully expanded leaves of 3-to 5-week-old plants were used in the experiments.
High-Light Treatments
Leaves were detached, and the petioles were soaked in water or in CAP solution (1 mg/mL of H20) and incubated in darkness for 3 h. Side effects of CAP were checked in a set of control experiments in which another chloroplast translation inhibitor, lincomycin (Sigma, 808 units/mg, 1 mg/mL of H20), was used instead of CAP. The leaves were illuminated in a temperature-controlled growth chamber through a glass window at PPFD from 500 to 3000 ,umol m-2 s-1 for 0.5 to 3 h at 200C in saturating humidity. The A model of two opposing first-order reactions, photoinhibition and recovery, was applied to the leaves treated in the absence of CAP, using the equation (35) kREC + kp,e (kpi + kREC)t kp, + kREC where F = Fv/FMAx expressed as a fraction of the control value, kpi = rate constant for photoinhibition, kREC = rate constant for the recovery, and t = time.
To determine the rate constant for concurrent recovery, kREC, we assumed that the substrate for the recovery reaction is the product of photoinhibition and that there are no photoinhibited centers in untreated leaves. kp, was adapted from the treatment at the same PPFD in the presence of CAP. The (Fig. 4B) . Both antibiotics inhibited recovery from photoinhibition (Fig. 4A) . When isolated thylakoids were illuminated in vitro, lincomycin did not accelerate the decrease in Fv/FMAX, and CAP had only a neligible effect (data not shown). Dl degradation was not significantly enhanced in isolated thylakoids when illuminated in vitro in the presence of CAP (1 mg/mL) or lincomycin (1 mg/mL), as compared with illumination without these compounds (Fig. 4C) . Because the effects of CAP and lincomycin on PSII photoinhibition and degradation of the Dl protein were very similar in both intact leaves and isolated thylakoids, we conclude that the effects of CAP in the photoinhibition experiments with pumpkin leaves presented in this communication are indeed due to the inhibition of chloroplast protein synthesis.
Because these data indicated that the repair of photodamaged PSII may be a crucial factor in the differential susceptibility of high-and low-light-grown pumpkin leaves to photoinhibition, we focused next on the removal and degradation of photodamaged Dl, one of the first phases in the complicated repair cycle of PSII (1, 24, 25) .
High-and low-light leaves were illuminated in the presence of CAP to induce 50 to 80% photoinhibition of PSII electron transfer (H20 to phenyl-p-benzoquinone) measured from thylakoids isolated from both kinds of leaves after the illumination (Fig. 5) . The quantity of the Dl protein in the (15) . The Dl protein is modified during illumination, and the slightly slower electrophoretic mobility of this D1* allows separation from the original Dl protein (15) . When low-light leaves were illuminated in the presence of a chloroplast protein synthesis inhibitor, most Dl was modified to Dl1 before significant loss of the protein from the thylakoid membranes could be detected (Fig. 6) . However, Dl degradation was initiated during the high-light treatment and continued for several hours after the leaves were transferred to dim light (recovery conditions) (Fig. 7A) . In high-light leaves, degradation of the Dl protein in the presence of CAP more readily followed the course of photoinhibition of PSII electron transport during illumination (Fig. 7B) . Figure 8 shows electron micrographs of chloroplasts of high-and low-light-grown pumpkin leaves. Low-light leaves possess chloroplasts with much more intense thylakoid stacking than the high-light leaves. Estimation of the LHCII antenna size of PSII from the Chl-protein composition of the thylakoid membranes revealed that the ratio of LHCII complexes to the internal antenna complexes of PSII was 2-fold larger in low-than in high-light thylakoids. .w4 Figure 7 . Laser densitograms of immunoblots of the Di protein indicating slower degradation in low-light leaves (A) than in highlight leaves (B) during illumination in the presence of CAP. Highand low-light leaves were illuminated for 3 h to induce approximately 70% photoinhibition of light-saturated PSII electron transport activity. In high-light leaves, Dl was already mostly degraded during the illumination (B), whereas in low-light leaves the modified Dl protein (Dl') accumulated and was only slightly degraded during illumination. The degradation occurred mainly after transfer of the leaves to dim light. Thylakoids equivalent to 3 Asg of Chi (A) and 1.5 ,gg of ChI (B) were applied to each well. PI, Photoinhibitory treatment; DL, subsequent incubation in dim light. light-grown plants. Generally, the sensitivity to photoinhibition is thought to be governed by various factors such as the size of the light-harvesting antenna of PSII, the capacity to repair photoinhibited PSII during illumination, and the efficiency of various mechanisms that dissipate excitation energy harmlessly (for review, see ref. 17) . Photosynthesis can also be regarded as a protective mechanism against the adverse effects of high light. Our present experiments show that when chloroplast protein synthesis is inhibited during illumination the high-light grown pumpkin leaves become almost as susceptible to illumination as the low-light leaves (Fig. 3) . This supports our earlier conclusion from in vitro experiments (33) that the size of the light-harvesting antenna does not much affect the rate of PSII photoinhibition. More efficient photoprotective mechanisms and faster photosynthesis in the high-light-grown plants probably also contribute to the persisting difference in susceptibility between high-and low-light plants in the presence of CAP (Fig. 3) .
The resistance of high-light leaves to photoinhibition can be attributed largely to efficient repair of photodamaged PSII centers during illumination, as can be concluded from Figure 3. The recovery process consists of a complicated and still partially hypothetical cycling of PSII between appressed and nonappressed thylakoid membranes (1, 24, 25) . The damaged D1 protein must be removed from the photoinhibited reaction center and replaced by a newly synthesized Dl protein.
Insertion of the new Dl into the PSII complex occurs in stroma thylakoids (1, 22) , and after processing (21) and subsequent palmitoylation (22) , the repaired fully active PSII complex can be found in the appressed membranes.
Low-light leaves have a low rate constant for concurrent recovery during photoinhibitory illumination (Fig. 3) . Also, the removal and degradation of the photodamaged Dl protein lag behind the photoinhibition of PSII electron transport more severely in low-than in high-light leaves (Fig. 5) .
Instead of efficient Dl degradation, the DlF form accumulates in the thylakoid membranes of low-light leaves (Fig. 6) . Dl' is a phosphorylated form of the Dl protein (3, 10), but its physiological role is still unknown. D1* can be detected only in the appressed membranes (5, 15) , and photoinhibition of PSII also occurs mainly in this membrane region (7, 20) . It is possible that photoinhibition occurs when PSII is in a downregulated state associated with a high transthylakoid proton gradient (29) . In this state, the plastoquinone pool is probably reduced, and the ATP level around PSII is high, which favors phosphorylation of PSII polypeptides. This suggests that in vivo photoinhibited PSII centers have their Dl protein in the phosphorylated Dl' state, which, however, does not seem to be degraded readily in the appressed membranes (Fig. 6, lane 2). In accordance with this, we previously showed that Dl', if induced by ATP in isolated thylakoids, is less susceptible to degradation than the original Dl protein (3) .
Comparing the capacity of high-and low-light leaves to degrade the Dl protein of photoinhibited PSII centers (Fig.  5) , on the one hand, and the thylakoid organization of these chloroplasts, on the other (Fig. 8) Dl protein degradation have indicated that the protease involved in Dl degradation is an integral part of the PSII core complex (34), it does not exclude the possibility that in vivo the final Dl degradation possibly takes place during or after the transport of a photodamaged PSII center to the stroma thylakoids. The mechanisms that regulate the association of PSII complexes with either appressed or nonappressed membranes during the repair cycle of PSII still remain to be elucidated. Structural modifications in PSII, caused by phosphorylation and photoinhibition, could also function as a signal for association with stroma thylakoids, and perhaps dephosphorylation precedes final degradation of the Dl protein. We suggest that a scarcity of stroma thylakoids may limit the degradation of photodamaged Dl, and therefore, the whole repair cycle of PSII centers, in low-light leaves. Even though it was concluded earlier (33) that faster photoinhibition in low-light leaves is not due to large size of the light-harvesting antenna per se, the high proportion of the LHCII complex induces extensive thylakoid stacking, which may indirectly influence the repair process of photodamaged PSII centers. The strategy of low-light plants is to accumulate light-harvesting Chl to ensure efficient photosynthesis when light is a limiting factor. Under conditions of occasional highlight exposure, the PSII centers may become easily photoinhibited because the concurrent recovery is slow. However, the photoinhibited PSII centers remain structurally intact in the appressed membranes and at that stage are efficient in trapping the excitation energy but dissipate it nonphotochemically (7) . By this means, the low-light leaves may maximize avoidance of totally irreversible photooxidative damage to the thylakoid membranes without maintaining an energetically expensive, fast repair cycle of PSII.
